New fluoride compound (NH 4 ) 2 KZrF 7 with the elpasolite structure (sp. gr. Fm-3m) was synthesized by partial cationic substitution in (NH 4 ) 3 ZrF 7 cryolite. Due to small difference in ionic radii of K + and NH 4 + , non-equivalent crystallographic positions 8c and 4b are occupied by both cations. Investigations of thermal, optical and structural properties in a wide range of temperature revealed two phase transitions Fm-3m ↔ P4 2 /ncm ↔ P4 2 /nmc of the first order. The results obtained are discussed in comparison with the data for the previously studied related cryolite (NH 4 ) 3 ZrF 7 .
Introduction
Among the huge number of naturally occurring fluoride compounds, there are substances with crystal lattice formed by polyhedral complexes of different coordination: [MF 6 ], [MF 7 ], [MF 8 ] and [MF 9 ] [1 -3] . For many years, compounds with six-coordinated polyhedra having as a rule a perovskite-like structure have been most intensively studied [4] [5] [6] [7] . Recently, the attention of researches was also attracted by fluorides with seven-coordinated anions and the general chemical formula A x MF 7 (x = 1, 2, 3). These substances are of interest to various -exotic‖ forms of complexes [MF 7 ] leading to the rather high instability of the structure and complicated sequence of symmetry changes in the distorted phases under temperature as well as chemical and external pressure variation.
The polyhedra [MF 7 ] can be realized either in the form of a monocapped trigonal prism (C 2v symmetry) or a pentagonal bipyramid (D 5h symmetry). The former is characteristic, for example, for the series of A 2 TaF 7 (A: Rb, NH4, K) compounds [1, 2, 8, 9] . The latter is realized in the isostructural compounds with x=3: A 3 Zr(Hf)F 7 (A = NH 4 , K). The pentagonal bipyramidal structure of the ZrF 7 and HfF 7 anions proposed as early as 1954 [10] was later confirmed [11, 12] .
According to [13, 14] , ammonium compounds have a cryolite-like structure with a cubic face-centered lattice (sp. gr. O h 5 -Fm-3m, Z = 4) at room temperature, in which the pentagonal bipyramid MF 7 was assumed to be disordered over 24 equivalent orientations. Two independent tetrahedral ammonium groups were also assumed to be disordered. These results are consistent with NMR data suggesting the dynamical nature of structural disorder in (NH 4 ) 3 ZrF 7 and K 3 ZrF 7 [13] [14] [15] .
First examination of temperature stability of initial phases in zirconium crystals revealed that with a decrease in temperature, they undergo structural transformation from cubic to orthorhombic modification in the region of 235-213K and 254-224K for ammonium and potassium compounds, respectively [15] [16] [17] .
NMR studies of molecular motion and disorder in K 3 ZrF 7 [17] showed that total substitution of tetrahedral molecular cation NH 4 + by spherical K + leads to a reduction to 16 the number of possible orientations of the anion ZrF 7 3in phase Fm-3m. Moreover, the orthorhombic phase of this crystal was also found disordered.
More recent comprehensive studies revealed that ammonium zirconium and hafnium cryolites undergo a more complex sequence of structural distortions [18] [19] [20] [21] . Careful polarization-optical, X-ray, calorimetric and Raman investigations as well as the group-theoretical analysis have shown that (NH 4 ) 3 Rln6, (Hf) Rln4 [19, 20] . However, the change in entropy at each of the transformations was turned out to be significantly less than Rln2. The latter circumstance can be commented using the following assumptions. First, the number of orientations of the polyhedron [MeF 7 ] at transitions changes with multiplicity less than 2 (for example, Rln(24/16) = ln1.5 and so on). However, the total entropy remains very large, ΣΔS i = Rln24, compared with experimental data.
Second, the disorder of structural units is -unsaturated‖ when cubic symmetry is preserved owing to strong anharmonicity of (MeF 7 ) 3− anions vibrations without their stopping in fixed crystallographic positions. In the latter case, the entropy of the phase transition can be intermediate between the values characteristic for the displacive (ΔS ≤ 0.1R) and order-disorder (ΔS ≥ 0.7R) transformations. In the light of the above, great interest is the study of the influence of a change in chemical pressure due to partial cationic substitution NH 4 + →K + on the resistance to temperature of the initial cubic and distorted phases observed in (NH 4 ) 3 ZrF 7 [19] .
This paper presents the results of calorimetric, polarization-optical and Xray studies of crystal (NH 4 ) 2 KZrF 7 .
Experimental
Crystalline samples of (NH 4 ) 2 KZrF 7 were synthesized by mixing aqueous At the second stage of (NH 4 ) 2 KZrF 7 characterization, optical studies were performed using an Axioskop-40 polarization microscope and a Linkam LTS 350 temperature chamber in the interval 100 -380 K. Unfortunately, using synthesis described above, it was impossible to grow crystals with the size more than 100
µm. However, this did not prevent us to observe changes in the optical anisotropy of crystals as grown with well-developed opposite faces (111) c .
The powder diffraction data of (NH 4 ) 2 KZrF 7 for structural analysis were 
Results and Discussion
No anomalous behavior of heat capacity was detected below room temperature. Fig. 1a demonstrates that in the process of heating above room temperature with dT/dτ = 8 K/min, we have found two anomalies of the excess heat capacity ΔC p , at T 1 ↑ = 332.5 K ± 1.0 K and T 2 ↑ = 329.2 K ± 1.0 K (Fig. 1a ), which was determined as a difference between the total heat capacity C p and nonanomalous lattice contribution C lat . However, upon cooling only one peak of ΔC p was detected at T 1,2 ↓ = 327.2 K ± 1.0 K (Fig. 1b ). With repeated thermal cycling, the same behaviour of the heat capacity was observed. A similar phenomenon was found to be characteristic for all scanning speeds used for all samples studied. In polarizing-optical experiments at room temperature, bright extincting bands similar to 120 twins are observed in samples with well-developed opposite faces (111) c (Fig. 2a ). This indicates the presence of a weak optical anisotropy in the crystal. Similar to DSM studies, no phase transitions below room temperature were found. When (NH 4 ) 2 KZrF 7 is cooled, the intensity of light bands increases, and in the process of heating it gradually decreases. When heated above room temperature, the crystal becomes optically isotropic at 331 K (Fig. 2b) All peaks of the high-temperature phase obtained at 368 K were indexed by cubic Fm-3m cell with parameters close to elpasolite (NH 4 ) 3 Ti(O 2 )F 5 [22, 23] and slightly smaller than the parameters of (NH 4 ) 3 ZrF 7 [18] . Therefore (NH 4 ) 3 Ti(O 2 )F 5 crystal structure was taken as starting model for Rietveld refinement in Topas 4.2 [24] . Both N1 and N2 sites were occupied by N/K mixed ions with refined occupancies and linear restriction occ(N)+occ(K)=1 for all sites. Fig. 3a ). The coordinates of other atoms and the main bond lengths are in Table 2 and Table 3 , respectively. Crystal structure is depicted in Fig. 3b . Chemical formula from refinement can be written as [(NH 4 ) 0.672 (7) K 0.328 (7) Cooling and heating of the sample revealed the reversible appearance and disappearance of superstructure peaks of two different systems ( Fig. 4a and b) . Upon cooling, first superstructure peak (1/2 3/2 3/2) appeared at T 1 = 339 ±2 K which is associated with the phase transition from Fm-3m phase. This It was found that the main peaks, especially (3 1 1), are slightly broadened below T 1 which may be associated with the tetragonal symmetry and Le Bail fitting ideally fitted powder pattern by tetragonal phase. Therefore, it was decided to find tetragonal phase among all isotropic subgroups of irreps DT1, DT2, DT3, DT4 and DT5. Only one space group P4 2 /ncm fulfill all these requirements and DT2 with (a, -a; 0, 0; 0, 0) order parameters is critical irrep which drives the phase transition Fm-3m ↔ P4 2 /ncm. All superstructure peaks were indexed with integer (h k l) indexes and profile fitting gave good results (Table 1, Fig. 1S ). The crystal structure was not solved due to the large unit cell volume, numerous refinement parameters and the disordering of the ZrF 7 polyhedron.
Occupancies of F and H ions
Further cooling leads to the disappearance of superstructure peak (1/2 3/2 3/2)at T 2 ↓= 333 ±2 K and the simultaneous appearance of new peaks (1/2 3/2 4/3) and (0 1 3). In this case, the phase transition can be associated with the emergence of instability at (1/3, 0, 0) (DT) of the Brillouin zone of the high-symmetry Fm-3m unit cell. The main peak splitting (Table 1S ) also can be very well fitted by tetragonal phase. The DT3 irrep with (b, 3 1/2 b; 0, 0; 0, 0) order parameters drives this phase transition and leads to P4 2 /nmc space group which is the highest among the possible tetragonal isotropy groups in this case. Profile fitting also was successful and gave low R-factors (Table 1, Fig. 1S ). Crystal structure P4 2 /nmc was also not solved/refined for the reasons mentioned above.
Temperature dependences of parameters and volume of the unit cells in all phases are presented in Fig. 5a . It was also found that the cubic phase in the elpasolite (NH 4 ) 2 KZrF 7 is less stable since the first phase transition occurs ~ 40 K higher than in cryolite [19] .
While calorimetric and X-ray studies revealed two phase transitions, only one transformation to the isotropic phase was found in the optical experiments.
It is likely that the latter is due to the preservation of the tetragonal syngony during the transition at T 2 . Studies of solid solutions (NH 4 ) 3-x KxZrF 7 with x = 0 -1 are of interest to find out the reasons for such a strong change in the sequence of structural distortions.
It should be noted that the enthalpy value ∆H 1-2 for elpasolite is comparable to the total enthalpy Σ∆H i = 3000 J mol -1 determined by the same DSM method for cryolite (NH 4 ) 3 ZrF 7 undergoing six structural transformations [19] . However, the total entropy changes differ for both fluoride compounds significantly: ∆S 1-2 = Rln2.6 and Σ∆S i = Rln6. This circumstance may be due to at least two reasons. First, due to the lower phase transition temperature from the initial cubic phase in cryolite and, second, to a smaller degree of the final structure distortions in elpasolite. For more correct information about the entropy parameters, the detailed studies of the heat capacity are need using an adiabatic calorimeter. Such studies as well as dilatometric investigations allowing to us to get important information on the peculiarities of the thermal expansion will be performed soon.
Conclusions
By cationic substitution of K + → NH 4 + in the cryolite structure of (NH 4 ) 3 [18, 19] . It was also found that the cationic substitution was manifested in a decrease in the temperature stability of the Fm-3m phase, as well as a significant decrease in the entropy of phase transitions.
Such a strong effect of partial cationic substitution on the structure and physical properties seems unexpected, especially considering that in the K 3 ZrF 7 complex, the orthorhombic phase is assumed [15, 17, 27] . In connection with the above, of undoubted interest is the study of (NH 4 ) 3-x K x ZrF 7 solid solutions with potassium concentrations x < 1. Figure 1S . Difference Rietveld plot of (NH 4 ) 2 KZrF 7 at: a) 338 K (P4 2 /ncm); b) 303 K (P4 2 /nmc). 
Supported Information

